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57] ABSTRACT

To a projection lens system 1s added spherical aberration of
0.1A, and the exposure 1s performed by using a phase-
shifting mask having a phase difference of 200 degrees
which 1s provided with a phase error of 20 degrees corre-
sponding to the spherical aberration amount. Therefore, the
focus characteristic can be more remarkably flattened as
compared with the prior art in which the phase difference of
the mask 1s set to 180 degrees and the spherical aberration
of the projection lens system 1s set to zero, so that the depth
of focus can be enlarged by about 0.2 micron and the
precision of the pattern dimension of semiconductor devices
manufactured by using the exposure method can be
enhanced.
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PHASE-SHIFTING MASK, EXPOSURE
METHOD AND METHOD FOR MEASURING
AMOUNT OF SPHERICAL ABERRATION

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to an exposure method 1n an
optical lithography process used 1 a semiconductor device
manufacturing process, a phase-shifting mask used m an
exposure system, and a method of manufacturing the
amount of spherical aberration of a projection lens system 1n
an exposure system.

2. Description of the Related Art

At present, an optical lithography technique has been used
to form a pattern on a semiconductor substrate 1n a semi-
conductor device manufacturing process. In the optical
lithography technique, a pattern of a photomask (which is a
master plate for exposure on which a pattern containing a
transparent areca and a light shielding area 1s formed. It 1s
called as “reticle” particularly when the reduction ratio 1s not
1:1, however, 1n the following description it 1s referred to as
“photomask™ or merely “mask” in any case) is transferred
onto a semiconductor substrate coated with photosensitive
resin by a reducing projection exposure system, and then
developed to form a predetermined pattern of photosensitive

resin.

The optical lithography techniques until now have been
mainly advanced to develop exposure systems, and particu-
larly to increase NA (numerical aperture) of the projection
lens system and thus enhance the minuteness of the semi-
conductor device pattern. Here, NA represents the numerical
value which represents the degree of spreading of light
which can be converged by the lens. As the numerical value
1s larger, more spreading light can be converged and the lens
performance 1s higher.

Further, as generally well known as Rayleigh equation,
the resolution limit R (the limit dimension of a fine pattern
which can be resolved) and NA has the following relation-
ship: R=K;xA/NA (here, K, is a constant dependent on the
process such as performance of photosensitive resin or the
like), and the resolution limit is more minute as NA 1is
increased.

However, although the resolution 1s enhanced by increas-
ing NA of the exposure system, the depth of focus (the range
in which the deviation from the focus position i1s
permissible) is reduced, and thus it is difficult to achieve a
more minute design from the point of the depth of focus. As
a physical description 1s omitted, it 1s also well known that
the depth of focus DOF and NA have the following rela-
tionship: DOF=K,x)»/NA~ (here K, represents a constant
dependent on the process) as Rayleigh equation as like the
foregoing case. That 1s, as NA 1s increased, the depth of
focus 1s narrower, and thus no permission 1s given even to
a slight deviation from the focus position.

Therefore, considerations on the spherical aberration have
been made to enlarge the depth of focus. The effect of the
considerations of the spherical aberration 1s described in
detail 1n Japanese Laid-open Patent Application No. Hei-2-
166719. When the spherical aberration 1s subjected to exces-
sive correction, the contrast in the best focus state 1s reduced,
however, the deterioration due to defocus 1s suppressed, so
that the depth of focus can be enlarged. Further, 1t 1s known
that the spherical aberration can be varied by varying the
optical path between a mask and a projection lens system. As
one of specific methods, Japanese Laid-open Patent Appli-
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cation No. He1-2-166719 discloses a method of designing a
projection lens to have a telecentric structure even at a mask
side and 1nserting a transparent plane-parallel plate between
the mask and the projection lens system. If the plane-parallel
plate 1s 1nserted into a portion where light 1s made
telecentric, only the spherical aberration can be varied
without effecting the other aberrations. Further, as a con-
ventionally well known method has been used a method of
varying the spherical aberration by moving the mask to be
close to or far away from the projection lens. Still further,
Japanese Laid-open Patent Application No. Hei1-6-97040
discloses that the sign of the spherical aberration to be
applied 1s selected 1n accordance with the positive or nega-
five type ol photosensitive resin.

The spherical aberration 1s not altered while it 1s used on
a semiconductor device manufacturing line except for an
exposure system having a spherical aberration correcting
mechanism, and the amount of the alteration 1s not mea-
sured. Aberration such as distortion, curvature of field or
coma 1s periodically measured, and managed so that the
value thereof 1s below a predetermined value. However, the
spherical aberration 1s little effective, and thus 1t 1s consid-
ered unnecessary to manage spherical aberration. In
addition, there 1s no method of measuring the spherical
aberration of the projection lens which 1s installed 1n an
exposure system. Therefore, no variation has been made on
the amount of the spherical aberration of the installed
projection lens. In general, the spherical aberration of the
projection lens 1s adjusted before the projection lens 1s
installed into the exposure system and, thereafter the pro-
jection lens 1s used without any adjustment as 1s installed
into the exposure system. On the other hand, 1n the exposure
system having the spherical aberration correcting
mechanism, the spherical aberration amount to be added due
to the variation amount of the optical path between the mask
and the projection lens when an aberration varying mecha-
nism 1s moved 1s calculated.

Separately from the above-mentioned enlargement of the
depth of focus by the spherical aberration, various super-
resolution methods have been considered. In general, the
super-resolution method 1s a method of improving the light
intensity distribution on an image plane by controlling the
fransmittance and the phase 1n an illumination optical
system, a photomask and the pupil plane of the projection
lens system.

A phase-shifting mask which 1s used in performing a
super-resolution method based on the improvement at the

photomask side will be described hereunder.

The phase-shifting mask 1s used to control the phase of
light passing through the mask to improve the light intensity
distribution on the 1image plane.

There are various types for the phase-shifting mask. First,
the phase-shifting mask of Shibuya-Levenson type disclosed
in Japanese Laid-open Patent Application No. Sho-57-62052
will be described. This type 1s a system of alternately
changing the phase of light passing through a transparent
arca 1n a periodical pattern by 180 degrees.

FIGS. 1A and 1B are plan view and longitudinally-
sectional view which show a Shibuya-ILevenson type phase-
shifting mask. A light-shielding film 102 1s formed on a
transparent substrate 101, and the light-shielding film 102 1s
selectively removed to form a space pattern 11 (openings)
periodically. A transparent film 104 1s disposed in every
other space pattern. The wavelength A of light 1s represented
by A/n in a medium in which the light is propagated (n
represents refractive index of the medium), and thus a phase
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difference occurs between light passing through air (n=1)
and light passing through the transparent film 104. The
phase difference 1s set to 180 degrees by setting the film
thickness t of the transparent film 104 to t=A/2(n;-1) (here,
). represents the wavelength of exposing light and n, rep-
resents the refractive index of the transparent film 104).

Theretfore, as shown 1n FIG. 1C, the amplitude distribu-
tion of the transmission light through the Shibuya-Levenson
type mask has such a distribution that the phase 1s alternately
inverted, and this amplitude distribution has a period which
1s twice of that of the original distribution. Therefore, the
diffraction angle of the diffracted light from the mask 1s set
to a half of the usual one. The light diffracted by the mask
having a pattern which 1s so fine as below the resolution
limit of the prior art can also be collected through the
projection lens. Due to the interference between light beams
which are mverted in phase, the light intensity i1s reduced
between adjacent opening portions, whereby a fine pattern
can be separated. The transparent film 104 1s called as a
phase shifter, and it 1s usually formed of silicon oxide
(S10,).

As another type of the phase-shifting mask has been
known an auxiliary pattern type which 1s applicable to an
1solated pattern as disclosed in Japanese Laid-open Patent
Application No. Sho-62-67514. In this mask, a fine pattern
which 1s not resolved 1s provided around an original pattern
(hereinafter referred to as “main pattern™). The phase of light
1s mverted between the main pattern portion and the auxil-
lary pattern portion to give the effect of the phase shitt.

FIGS. 2A 1s a plan view showing an auxiliary pattern type
phase-shifting mask, and FIG. 2B 1s a longitudinally-
sectional view showing the auxiliary pattern type phase-
shifting mask shown in FIG. 2A. As shown 1 FIGS. 2A and
2B, a space pattern 11 which 1s an original pattern to be
transferred and an auxiliary pattern 12 which 1s a fine pattern
below the resolution limit of the exposure device are formed
on a light-shielding film 102 on a transparent substrate 101.
Further, a transparent film 104 1s formed on the auxiliary
pattern 12, whereby a phase difference of 180 degrees 1s
provided between light passing through the space pattern 11
and the light passing through the auxiliary pattern 12.

Still further, a halftone type of phase-shifting mask dis-
closed 1n Japanese Laid-open Patent Application No. Hei-
2-256985, to which much attention 1s paid at present, 1s
known as being simple 1n the mask design and manufactur-
ing process. The considerations on the halftone type have
been mainly advanced for hole patterns. It 1s also shown that
the combination with the halftone type and a modified
illumination method also gives an effect on a general line
type pattern.

FIGS. 3A and 3B show a halftone type phase-shifting
mask. As shown 1n FIGS. 3A and 3B, a semi-transparent film
103 1s provided 1n place of the light-shielding film of the
usual mask so that a phase difference of 180 degrees occurs
between light passing through the semi-transparent film 103
and light passing through the transparent area around the
semi-transparent film 103. The semi-transparent film 1s
formed of chromium oxide nitride, molybdenum silicide
oxide nitride, chromium fluoride or the like, and the trans-

mittance thereof 1s generally set to the range from 4% to
20%.

The Shibuya-Levenson type and the halftone type were
first applied to the X-ray exposure field. In the X-ray
exposure 15 used a mask which has a pattern formed with
heavy metal such as gold, tungsten or the like on a thin film
such as Si1C, diamond or the like which 1s called as “mem-
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4

brane”. S1C or the like has little absorption of X-rays, and
most of X-rays 1s shielded by the portion on which the heavy
metal pattern 1s formed, and thus the pattern can be trans-
ferred. However, heavy metal must be formed at a relatively
large thickness 1n order to perfectly shield the X-rays, and
the increase 1n film thickness makes the processing thereof
difficult. Therefore, light 1s somewhat transmitted through
the mask. However, it has been also found that the contrast
1s more enhanced than the case where the light 1s perfectly
shielded 1f the phase difference 1s equal to 180 degrees even
when light 1s somewhat transmitted. This was the first
proposal of the halftone phase-shifting mask.

With respect to the X-ray exposure, there have been
considered a proximate exposure system for performing a
transfer process at equi-magnification while a semiconduc-
tor substrate and a mask are brought into close contact with
cach other at a distance of several microns, and a reductive
exposure system for performing a transfer process under
demagnification by using a mirror which 1s formed by
multi-coating materials having different refractive indexes.
Further, a transmission type and a reflection type are known
as the type of the mask. The above-mentioned principles of
the phase shift are applicable to both types in the same
manner.

The optimum phase difference of the phase-shifting
masks as described above 1s 180 degrees on principle, and
the exposure characteristic 1s deteriorated if there 1s a phase
error (a deviation from 180 degrees in phase difference). It
1s known that the phase error has the most remarkable effect
on the focus characteristic (the relationship between the
focus position and the pattern dimension) and the focus
characteristic 1s 1inclined by the phase error. In general, the
permissible range of the phase error 1s set within £5 degrees.

Further, a phase difference measuring machine which 1s
exclusively used for phase-shifting masks has been devel-
oped 1n order to accurately manage the phase difference. At
present, Phase-1 produced by Mizojir1 Optics Company
(Japan) and MPM-100/248 produced by Lasertec Corpora-
tion (Japan) are introduced into many phase-shifting mask
manufacturing lines, and they are used as standard
machines. In these measuring machines, light having the
same wavelength as the exposure light 1s used, and one light
beam 1s divided mto two light beams to transmit the two
light beams through different places on the mask and then
make these transmitted light beams interfere with each other,
thereby measuring the phase difference between the trans-
mitted light beams at the two places.

However, as indicated by the inventors of this application
in Japanese Laid-open Patent Application No. Hei-8-
114909, there 1s a case where 1t 1s better to intentionally
oenerate a phase error. Here, when the phase difference is
equal to 180 degrees, it may not meet the optimum condition
due to the effects of the structure of the semiconductor
substrate, the thickness of the photosensitive resin film, the
solubility characteristic of the photosensitive resin, the aber-
ration of the projection lens system, efc.

The conventional phase-shifting mask and exposure
method as described above have the following problems.

(1) If the setting of the phase difference is displaced in the
phase-shifting mask, the focus characteristic would be
inclined. Since the phase difference 1s dependent on the
thickness and the refractive index of the transparent film or
the semi-transparent film, a phase error occurs due to the
following two causes: 1) the variation of the refractive
index, and 2) the dispersion of the film thickness. The phase
difference cannot be accurately measured unless the trans-
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parent f1lm or the semi-transparent film 1s processed and the
phase-shifting mask 1s finally completed. In general, the film
formation by a sputtering method causes variations of the
f1lm thickness by several percentages, and thus a phase error
of about 5 degrees 1n phase difference remains. This phase
error can be suppressed to a small value by manufacturing
a number of masks and selecting from these masks a mask
whose phase 1s nearest to a desired one. However, m this
method, the price of the phase-shifting mask 1s heightened,
and thus it 1s not practically usable.

(2) There is a case where the optimum phase difference is
not equal to 180 degrees 1n a phase-shifting mask, and thus
in the prior art 1t 1s needed to determine the optimum phase
difference on the basis of the result of experiments which are
made by actually using the semiconductor substrate, the

phase-shifting mask and the exposure system.

(3) In the exposure method, the effect of the spherical
aberration 1s little, and the accurate measurement of the
spherical aberration 1s not performed. Therefore, there 1s no
simple measuring method which can measure the spherical
aberration amount of the projection lens system installed 1n
the exposure system.

SUMMARY OF THE INVENTION

An object of the present invention 1s to provide a phase-
shifting mask and an exposure method which can enlarge the
depth of focus and enhance the precision of the pattern
dimension of semiconductor devices manufactured by using
the mask and method, on the basis of flattening the focus
characteristics of the phase-shifting mask.

Another object of the present mnvention 1s to provide a
method of measuring the amount of spherical aberration
which can accurately and simply measure the spherical
aberration amount of a projection lens system 1nstalled 1n an
exposure system.

In order to attain the above objects, according to a first
aspect of the present invention, an exposure method 1n
which a phase-shifting mask for generating a predetermined
phase difference between transmission light beams through
adjacent areas 1s 1lluminated by transmission illumination to
thereby focus the light beams through a projection lens
system, 1s characterized 1n that spherical aberration 1s added
to the projection lens system and a phase error correspond-
ing to the added spherical aberration amount 1s added to the
phase difference of the phase-shifting mask.

According to the exposure method of the first aspect of the
present mvention, the spherical aberration 1s added to the
projection lens system, and the exposure 1s performed by
using the phase-shifting mask which 1s provided with the
phase error corresponding to the spherical aberration
amount. Accordingly, the depth of focus can be enlarged by
flattening the focus characteristic, and the precision of the
pattern dimension of semiconductor devices manufactured
by using the exposure method can be enhanced.

According to a second aspect of the present invention, an
exposure method in which a phase-shifting mask for gen-
erating a predetermined phase difference between transmis-
sion light beams through adjacent areas 1s 1lluminated by
transmission illumination to thereby focus the light beams
through a projection lens system, 1s characterized 1n that the
phase difference of the phase-shifting mask 1s measured and
the spherical aberration amount of the projection lens system
1s set on the basis of the measurement result.

In the exposure method of the second aspect of the present
invention, as a method of setting the spherical aberration, the
spherical aberration which 1s proportional to the phase error
of the phase-shifting mask 1s set.
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In the above exposure method, the setting of the spherical
aberration 1s set on the basis of the phase error of the
phase-shifting mask being used. Accordingly, even when a
phase error occurs 1n the phase-shifting mask being used, by
flattening the focus characteristic, the depth of focus can be
enlarged and the precision of the pattern dimension of the
semiconductor devices can be enhanced.

According to a third aspect of the present invention, a
phase-shifting mask which generates a predetermined phase
difference between transmitted light beams through adjacent
areas, 1s characterized 1n that the phase difference 1s set on
the basis of the spherical aberration amount of an exposure
system being used.

According to the phase-shifting mask of the third aspect
of the present 1invention, the setting of the phase difference
1s performed by adding the phase difference with a phase
error which 1s proportional to the spherical aberration

amount.

In the above phase-shifting mask, the phase difference
corresponding to the spherical aberration amount of the
exposure system being used 1s set 1n the phase-shifting mask
being used. Accordingly, even when the spherical aberration
remains 1n the exposure system being used, the focus
characteristic 1s flattened to enlarge the depth of focus and
thus the precision of the pattern dimension of the semicon-
ductor devices can be enhanced.

According to a fourth aspect of the present mvention, a
spherical aberration amount measuring method of measur-
ing the amount of spherical aberration of a projection lens
system for focusing i1llumination light transmitted through a
phase-shifting mask which generates a predetermined phase
difference between transmitted light beams through adjacent
areas, 1s characterized 1n that a slope of the focus charac-
teristic to variation of the spherical aberration amount is
predetermined, and the spherical aberration amount 1s deter-
mined on the basis of the slope.

According to the measuring method of the fourth aspect
of the present invention, the slope of the focus characteristic
to the variation of the spherical aberration amount m the
projection lens system to be measured 1s predetermined, and
the spherical aberration amount 1s measured by using the
slope. Further, the spherical aberration 1n the case of the
phase-shifting mask has a more remarkable effect on the
focus characteristic than that in the case of the normal mask,
and thus the spherical aberration amount can be accurately
measured 1n the exposure system using the phase-shifting
mask.

According to a fifth aspect of the present invention, a
spherical aberration amount measuring method of measur-
ing the amount of spherical aberration of a projection lens
system for focusing i1llumination light transmitted through a
phase-shifting mask which generates a predetermined phase
difference between transmitted light beams through adjacent
areas, 1s characterized 1n that exposure 1s performed by using
plural phase-shifting masks which are different in phase
difference, and the spherical aberration amount i1s deter-

mined on the basis of the phase difference of a phase-shifting
mask whose focus characteristic 1s flat.

According to the spherical aberration amount measuring
method of the fifth aspect of the present ivention, the
exposure 1s performed by using the plural phase-shifting
masks which are different in phase difference, a phase-
shifting mask whose focus characteristic 1s flat 1s searched,
and the spherical aberration amount 1s determined on the
basis of the phase difference thereof.

Accordingly, the spherical aberration amount of the pro-
jection lens system can be measured while the projection

™
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lens system 1s not fixed to an exclusively-usable measuring
device, but installed 1n the exposure system, so that the
spherical aberration amount can be accurately measured.

The present invention has the following effects.

(1) According to the exposure method of the first aspect
of the present invention, the spherical error 1s added to the
exposure system, and the phase error 1s set in the phase-
shifting mask 1n conformity with the spherical aberration,
whereby the focus characteristic 1s flatter than the prior art
(the case where a phase-shifting mask having a phase
difference of 180 degrees is merely used) to thereby enlarge
the depth of focus and enhance the precision of the pattern
dimension of the semiconductor devices.

(2) According to the exposure method of the second
aspect of the present invention, even when the phase error
occurs 1n the phase-shifting mask being used, by setting 1n
the exposure device the spherical aberration which 1is
matched to the phase error, the focus characteristic can be
flattened to enlarge the depth of focus and enhance the
precision of the pattern dimension of the semiconductor
devices.

(3) According to the phase-shifting mask of the third
aspect of the present invention, when the spherical aberra-
fion remains 1n the exposure system being used, the phase
difference 1s set in conformity with the spherical aberration
amount, so that the focus characteristic 1s flattened to enlarge
the depth of focus and enhance the precision of the pattern
dimension of the semiconductor devices.

(4) According to the measuring method of the spherical
aberration amount of the fourth aspect of the present
invention, the spherical aberration 1s measured on the basis
of the slope of the focus characteristic of the phase-shifting
mask to the variation of the spherical aberration amount of
the exposing system, so that the spherical aberration amount
of the exposing system can be measured with high precision.

(5) According to the measuring method of the spherical
aberration amount of the fifth aspect of the present
invention, the spherical aberration amount of the projection
lens system 1s measured not 1n the state where it 1s fixed to
the exclusively-used measurement device, but 1n the state
where 1t 1s 1mstalled 1n the exposure system, so that the
spherical aberration amount of the projection lens system 1n
the state where 1t 1s actually used can be accurately mea-
sured.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are plan view and longitudinally-
sectional view showing a conventional Shibuya-Levenson
type phase-shifting mask, and FIG. 1C 1s a diagram showing
the amplitude distribution of transmitted light;

FIGS. 2A and 2B are plan view and longitudinally-
sectional view showing a conventional auxiliary pattern type
phase-shifting mask;

FIGS. 3A and 3B are plan view and longitudinally-
sectional views showing a conventional halftone type phase-
shifting mask;

FIG. 4 1s a graph showing the focus characteristic of an
exposure method according to a first embodiment of the
present invention;

FIG. 5A 1s a graph showing variation of the focus char-
acteristic of the exposure method of the first embodiment
due to spherical aberration, and FIG. 5B 1s a graph showing
variation of the focus characteristic due to a phase error;

FIGS. 6 A to 6F are graphs showing variation of the focus
characteristic of phase-shifting masks having different phase
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differences due to spherical aberration 1n an exposure
method according to a second embodiment of the present
mvention;

FIG. 7A 1s a plan view showing a phase-shifting mask
according to a third embodiment of the present invention,
and FIG. 7B 1s a longitudinally-sectional view showing the
phase-shifting mask of the third embodiment of the present
mvention;

FIGS. 8A to 8E are longitudinally-sectional views show-
ing a manufacturing process of the phase-shifting mask
shown 1 FIGS. 7A and 7B;

FIG. 9 1s a graph showing the focus characteristic of the
phase-shifting mask shown 1 FIGS. 7A and 7B;

FIG. 10 1s a graph showing the focus characteristic of a
0.35 micron hole pattern which 1s exposed by an exposure
system using a spherical aberration amount measuring
method of a fourth embodiment of the present invention;

FIG. 11 1s a graph showing the relationship between the
spherical aberration amount and the slope of the focus
characteristic; and

FIG. 12 1s a graph showing variation of the focus char-
acteristic due to spherical aberration 1n a conventional mask.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

Preferred embodiments according to the present invention
will be described hereunder with reference to the accompa-
nying drawings.

(First Embodiment)

In the exposure method of the first embodiment, a mer-
cury 1-line (wavelength A=365 nm) exposure system in
which the reduction ratio is equal to 5 (mask pattern dimen-
sion : pattern dimension on focus (image) plane=5:1),
NA=0.6 and coherence factor 0=0.3 1s used as the exposure
system.

First, the spherical aberration to be added to the projection
lens system to enlarge the depth of focus 1s set to 0.1A. The
phase-shifting mask being used 1s the halftone type phase-
shifting mask, and the transmittance and the phase difference
thereof are set to 8% and 200 degrees. The phase difference
1s defined as follows. That 1s, the phase difference 1s larger
as the thickness of the semi-transparent film of halftone
increases, and 1t 1s set to a negative phase error when the film
thickness 1s smaller than a desired film thickness and to a
positive phase error when the film thickness 1s larger than
the desired film thickness. Further, a mask bias 1s generally
needed in the halftone phase-shifting mask. In this
embodiment, a bias of 0.05 micron 1s applied to form a hole
pattern of 0.35 micron on the semiconductor substrate, and
the mask pattern is set to a 0.4-micron hole pattern (on the
mask, it 1s set to five times, 1.e., 2.0 microns).

FIG. 4 shows a simulation result of the focus character-
1stic of the 0.35-micron hole pattern which 1s obtained by the
exposure method of this embodiment. A lithographic simu-
lator: Porlith/2 produced by FINLE Technologies, Inc.
(U.S.A)) sold in the market is used for the simulation, and as
the other conditions, photosensitive resin (resist) is patterned
at a thickness of 1 micron on a silicon (Si) substrate.

Further, the definition of the focus position 1s set as
follows. When the focus 1s established on the surface of the
photosensitive resin, the focus position 1s set to zero micron.
The direction in which the focus plane 1s upwardly moved

“+”, and the direction 1n which the focus plane 1s

1s set to “+
downwardly moved 1s set to “-”. FIG. 4 also shows the
focus characteristic of the conventional exposure method for
comparison. In the focus characteristic based on the con-
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ventional exposure method (phase difference of 180 degrees,
spherical aberration of zero), the depth of focus is equal to
—-1.1 to 0.2 micron. On the other hand, 1n the focus charac-
teristic based on the exposure method of this embodiment
(phase difference of 200 degrees, spherical aberration of
0.12), the depth of focus is equal to -1.3 to 0.2 micron,
which shows that the depth of focus 1s enlarged by 0.2
micron.

Next, the principle and the effect of this embodiment will
be described 1n detail. First, the effect of the spherical
aberration 1n the halftone phase-shifting mask will be
described. FIGS. 5A and 5B show the simulation result of
the focus characteristic of 0.35-micron hole, wherein FIG.
SA shows the variation of the focus characteristic due to
spherical aberration at a phase difference of 180 degrees, and
FIG. 5B shows the variation of the focus characteristic due
fo a phase error.

As shown 1n FIGS. 5A and 5B, the focus characteristic 1s
inclined as the spherical error 1s added, and the slope
direction of the focus characteristic 1s 1nverted at the turning
point between the positive and negative values of the
spherical aberration. Therefore, the method of enlarging the
depth of focus by the spherical aberration as in the case of
the normal photomask 1s not directly applicable to the
halftone type phase shifting mask.

Upon comparlson between FIGS. 5A and 3B, it 1s appar-
ent that the effect of the phase error and the effect of the
spherical aberration are substantially 1dentical to each other.
Theretfore, the focus characteristic can be flattened by pro-
viding a phase error so that the phase error 1s inclined 1n the
opposite direction to the effect of the spherical aberration. In
FIGS. 5A and 5B, since the spherical aberration of 0.1A has
the same eflect on the focus characteristic as the case where
there 1s a phase error of —-20 degrees (phase difference of 160
degrees), the flat focus characteristic can be obtained by
performing a phase difference correction of +20 degrees.
FIG. 4 shows the focus characteristic obtained by the
exposure method to which the above method 1s applied, and
the slope of the focus characteristic based on the spherical
aberration 1s corrected by the phase error. Therefore, 1n this
embodiment, the focus characteristic can be flattened to
enlarge the depth of focus more remarkably and enhance the
precision of the pattern dimension of semiconductor devices
manufactured by using the exposure method of this embodi-
ment more greatly as compared with the conventional expo-
sure method.

The exposure method of this embodiment has no restric-
fion on the exposure 1itself, and thus 1t 1s applicable to an
exposure process using KrF, X-ray, etc. which have different
wavelength. Further, the same 1s applicable to an exposure
system having an optical system of reflection type using no
exposure projection lens.

(Second Embodiment)

Next, an exposure method of a second embodiment
according to the present invention will be described. In this
embodiment, the exposure condition 1s the same as the first
embodiment unless otherwise specified.

This embodiment 1s directed to a case where a phase error
occurs 1n a phase-shifting mask due to a mask manufactur-
ing error. In this embodiment, the relationship between the
phase error of the phase-shifting mask and the spherical
aberration of the projection lens 1s determined in advance.
FIGS. 6A to 6E show the focus characteristics of phase-
shifting masks having respective phase errors with the
spherical aberration as a parameter. FIG. 6 A shows a case at
a phase difference of 160 degrees, FIG. 6B shows a case at
a phase difference of 170 degrees, FIG. 6C shows a case at
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a phase difference of 180 degrees, FIG. 6D shows a case at
a phase difference of 190 degrees, and FIG. 6E shows a case
at a phase difference of 200 degrees.

It 1s apparent from FIGS. 6A to 6E that the focus
characteristic 1s flat by applying spherical aberration of
-0.1» at =20 degrees of the phase error, —-0.05 at -10
degrees, +0.05h at +10 degrees and +0.1A at +20 degrees.
Therefore, 1n the range of the phase error, the phase error
AO, and the spherical aberration amount AS, (%) for improv-
ing the focus characteristic satisfies the following equation:

(1)

Accordingly, when the phase-shifting mask 1s used on a
semiconductor manufacturing line, the data of the phase
error 1s managed 1n each mask and the spherical aberration
which 1s given by the above equation 1s set 1in the exposure
system when the mask 1s used. By managing the data of the
phase error of the phase-shifting mask on the semiconductor
manufacturing line as described above, the focus character-
1stic 1s improved and thus flattened, so that the depth of focus
1s increased and thus the precision of the pattern dimension
of the semiconductor device can be enhanced.

The coefficient of the relational equation 1s equal to 0.005
under the exposure condition of this embodiment, however,
this value is dependent on the conditions (NA, o, A) of the
exposure system and the mask (pattern dimension, pattern
layout, transmittance). Further, the proportional relationship
of the phase error 1s broken 1n a great range 1 accordance
with the condition, and 1t must be confirmed under an actual
condition.

The above description 1s made on the 1-line exposure.
However, the exposure method of the present invention has
no restriction on the exposure, and it 1s also applicable to a
reflection type exposure system using no projection lens.

Further, the exposure method may be applicable to
another type phase-shifting mask such as an auxiliary pat-
tern type phase-shifting mask, rim type phase-shifting mask
or the like. In the Levenson type, the spherical aberration has
a stronger effect to shift the focus position than to incline the
focus characteristic. Under the above condition, it 1s satisfied
that the focus position shift=—1x(spherical aberration
amount). By this effect, the spherical aberration is added so
as to deal with steps formed on the semiconductor substrate,
so that the exposure can be performed to match the focus
position to the upper and lower sides of the step.

(Third Embodiment)

Next, the phase-shifting mask according to this embodi-
ment will be described. The same exposure condition as the
first embodiment 1s applied unless otherwise specified.

The phase-shifting mask of this embodiment 1s to obtain
a wide depth of focus 1n an exposure system in which the
residual spherical aberration exists. In this case, it 1s
assumed that spherical aberration of +0.05A exists 1n the
projection lens system of the exposure system.

FIGS. 7A and 7B are plan view and longitudinally-
sectional view showing the phase-shifting mask of this
embodiment. The same hole pattern 1 of 2 g#m (0.4 ym on the
image plane) as described above is used as the mask pattern.
As shown 1n FIG. 7B, the mask structure 1s as follows. A
semi-transparent film 103 of chromium oxide nitride
(CrON) is formed on a transparent substrate 101 of synthetic
quartz. The film forming condition of the semi-transparent
f1lm 103 1s the same as the prior art, and the transmittance
and the phase difference are set to 8% and 180 degrees,
respectively. The transparent substrate 101 of the portion at
which the hole pattern 1 1s formed 1s etched at a depth of 21
nm. The etched step of the transparent substrate 101 gener-

AS, (A)=0.005xA8,
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ates a phase difference of 10 degrees, and the phase differ-
ence of the halftone phase-shifting mask 1s set to 190
degrees by combining the phase difference of 10 degrees
based on the etched step and the phase difference of the
semi-transparent film 103.

Next, a method of manufacturing the phase-shifting mask
of this embodiment will be described. FIGS. 8A to 8E show

a main process ol manufacturing the phase-shifting mask.
As shown 1n FIG. 8A, the semi-transparent film 103 of
chromium oxide nitride 1s formed on the transparent sub-
strate 101 by a sputtering method under the same condition
as the prior art. Subsequently, as shown 1n FIG. 8B, the
photosensitive resin 105 1s coated and a pattern 1s drawn by
an electron beam exposure system. Subsequently, as shown
in FIG. 8C, the semi-transparent film 103 1s etched by the
RIE dry etching treatment using chroline gas and oxygen gas
as 1n the case of the prior art. Subsequently, as shown 1n FIG.
8D, the photosensitive resin 105 1s exfoliated, and the phase
difference 1s measured by using MPM-100. In general a
dispersion of about £5 degrees occurs 1n the phase difference
of the semi-transparent film 103, however, in this case the
description 1s made on the assumption that the phase dif-
ference measurement result 1s equal to 180 degrees.
Subsequently, as shown 1n FIG. 8E, the transparent substrate
101 1s etched at a depth of 21 nm at a portion at which the
hole pattern 1 1s formed. This etching 1s performed by
ctching only the transparent substrate 101 with no damage
on the semi-transparent film 103 by using diluted hydrof-
luoric acid (liquid obtained by diluting 130BHF with pure
water at a dilution rate of ten or more). Finally, the mea-
surement of the phase difference 1s performed by MPM-100
again to coniirm that the phase difference i1s equal to 190
degrees.

Aetually, the wet etching amount of the transparent sub-
strate 101 1s corrected by the result of the phase difference
measurement of the semi-transparent film. Assuming that
the phase difference measurement result 1s represented by 01
and the phase difference to be finally matched 1s set to 02,
the etching depth d 1s represented as follows:

d=(6,-6,)A/360(n-1)

here, O represents the wavelength of exposure light, and n
represents the refractive index of the transparent substrate to
the exposure light. In this case, d 1s equal to 2 nm because
0, 1s equal to 190 degrees, A 1s equal to 365 nm, n 1s equal
to 1.48 and 0, 1s equal to 180 degrees. Theretfore, if the phase
differences 0, of the semi-transparent film 103 1s smaller
than 180 degrees, the transparent substrate 101 1s etched
more deeply by the amount corresponding to the decrement
of the phase difference to set the phase difference to 02.
Further, the target phase difference 02 1s set on the basis of
the spherical aberration amount of the exposure system
being used as described below.

Next, the effect of the phase-shifting mask of this embodi-
ment will be described. FIG. 9 shows the focus characteristic
of the 0.35-micron hole pattern which 1s obtained by the
phase-shifting mask of this embodiment. In FIG. 9, the focus
characteristic of the conventional phase-shifting mask hav-
ing the phase difference of 180 degrees 1s shown for the
comparison purpose. In the phase-shifting mask of this
embodiment, the focus characteristic 1s flatter as compared
with the conventional phase-shifting mask, and the precision
of the pattern dimension of the semiconductor devices
manufactured by using the phase-shifting mask of this
embodiment can be enhanced.

The spherical aberration remains 1n the exposure system
because the lens adjustment when 1t i1s installed in the
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exposure system 1s 1nsuificient, and this becomes problem-
atic 1n the exposure process with the phase-shifting mask.
This 1s because the adjustment of the lens when nstalled 1n
the exposure system 1s pertormed on the standard conditions
(NA, o) of the maker of the exposure system. In general, the
phase-shifting mask 1s used under the exposure conditions of
lower NA, lower o than the normal mask, however, the
value of the spherical aberration 1s varied when the 1llumi-
nation condition and the NA value are varied. When the
illumination condition and the NA wvalue are varied, the
optical path of mask-transmitted light through the projection
lens 1s varied. Since the spherical aberration mainly occurs
due to the lens manufacturing error, the spherical aberration
amount 1s also varied if the portion of the lens through which
light passes 1s varied.

Therefore, 1n the phase-shifting mask of this embodiment,
the phase error 1s uniquely set for each exposure system 1in
conformity with the residual spherical aberration amount. In
this case, the relationship between the residual spherical
aberration amount AS, (A) and the correcting phase error
A0, 1s represented as follows on the basis of the above
relational equation (1):

AB,=200xAS,(A) (2)

The phase error AO, 1s added to the target phase difference
0,, and thus the target phase difference 0,=(180+A0,)
degrees.

In this embodiment, the flat focus characteristic 1s
obtained even 1n the exposure system in which the spherical
aberration remains, and thus the depth of focus can be
enlarged, so that the precision of the pattern dimension of the
semiconductor devices can be enhanced.

The relationship between AO, and AS, 1s varied 1n accor-
dance with the exposure condition, and when conditions
other than the above condition are applied, a relational
equation such as the equation (2) is predetermined under the
conditions.

As 1n the case of the first and second embodiments, the
phase-shifting mask of this embodiment 1s applicable with
no restriction on the exposure light and the exposing system.

Further, this embodiment 1s also applicable to the auxil-
lary pattern type phase-shifting mask, the rim type phase-
shifting mask and other types phase-shifting masks.
(Fourth Embodiment)

Next, the measuring method of the spherical aberration
amount of this embodiment will be described. Another
photomask will be described. In this case, a mercury 1-line
exposure system 1n which the reduction ratio =5, NA=0.6
and 0=0.3 1s used.

First, the exposure characteristic 1s measured by usmg the
halftone phase-shifting mask in which the phase difference
and the transmittance have been accurately measured. For
example, a halftone mask having a transmittance of 8% and
a phase difference of 185 degrees 1s used and a mask bias of
0.05 micron 1s applied to form a hole pattern of 0.35 micron.
FIG. 10 shows the focus characteristic thus obtained. Linear
approximation in the vicinity of the defocus =0 micron
provides a slope of —0.034.

Subsequently, a simulation 1s performed under this con-
dition to obtain the focus characteristic. The simulation 1s
performed while varying the spherical aberration amount.
Further, there 1s determined such a spherical aberration
amount that the slope of the focus characteristic at the center
of the pattern resolution i1s identical to the result of the
exposure system as described above.

FIG. 11 shows the relationship between the spherical
aberration amount and the slope of the focus characteristic
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at the phase difference of 185 degrees. In FIG. 11, when the
spherical aberration amount corresponding to the slope of
-0.034 1s calculated, the residual spherical aberration
amount of the exposure system of this embodiment i1s
calculated as 0.0175A.

In place of the stmulation, an experiment may be made by
using an exposure system which can change the spherical
aberration amount, thereby measuring the focus character-
istic of the above-described halftone phase-shifting mask
which corresponds to each spherical aberration amount.

FIG. 12 shows the focus characteristic of the normal mask
for the comparison purpose. FIG. 12 also shows the focus
characteristic of the 0.35-micron hole pattern when the
spherical aberration 1s varied. When the spherical aberration
1s equal to about 0.1A, the variation of the focus character-
istic 1s slight 1n the case of the normal mask, and thus it 1s
impossible to estimate the spherical aberration on the basis
of the variation.

In the method of measuring the spherical aberration
amount according to this embodiment, the spherical aber-
ration amount of the exposure system 1s calculated on the
basis of the slope of the focus characteristic when the
phase-shifting mask 1s used, and thus the measurement can
be simply performed on even the exposure system which 1s
installed on a semiconductor device manufacturing line.

The foregoing description 1s made on the mercury 1-line
exposure system, however, this embodiment 1s applicable to
exposure light having any wavelength (for example, KrF
excimer laser, X-ray, etc.). Further, in addition to the half-
fone phase-shifting mask, for example, other type phase-
shifting masks such as the auxiliary pattern type phase-
shifting mask, etc. may be used. Still further, patterns other
than the hole pattern may be applied as an estimation
pattern. As the pattern dimension is nearer to the resolution
limit of the exposure system, the effect of the spherical
aberration 1s more remarkable to enhance the measurement
precision. However, as the pattern dimension 1s excessively
small, the resolution can be performed 1n only a slight range
containing the focus position, and thus the slope of the focus
characteristic cannot be measured. Therefore, 1t 1s preferable
that the pattern dimension 1s set to such a value that some
degree of depth of focus can be obtained.

What 1s claimed 1s:

1. An exposure method m which a phase-shifting mask for
ogenerating a predetermined phase difference between trans-
mission light beams through adjacent areas 1s 1lluminated by
transmitted 1llumination to thereby focus light beams
through a projection lens system, characterized in that
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spherical aberration 1s added to the projection lens system
and a phase error corresponding to an amount of the added
spherical aberration 1s added to the phase difference to be
ogenerated by the phase-shifting mask.

2. An exposure method m which a phase-shifting mask for
ogenerating a predetermined phase difference between trans-
mission light beams through adjacent areas 1s 1lluminated by
transmitted i1llumination to thereby focus light beams
through a projection lens system, characterized in that the
phase difference of the phase-shifting mask 1s measured and
spherical aberration of the projection lens system 1s set on
the basis of an amount of the measured phase difference.

3. The exposure method as claimed 1n claim 2, wherein
the spherical aberration 1s set in proportion to a phase error

of the phase-shifting mask.

4. A phase-shifting mask which generates a predetermined
phase difference between transmitted light beams through
adjacent areas, characterized in that the phase difference 1s
set on the basis of an amount of the spherical aberration of
an exposure system i1n which the phase-shifting mask 1s
installed.

5. The phase-shifting mask as claimed in claim 4, wherein
the phase difference 1s set by adding to the phase difference
a phase error which 1s proportional to the amount of the
spherical aberration of an exposure system.

6. A spherical aberration amount measuring method of
measuring an amount of spherical aberration of a projection
lens system for focusing illumination light transmitted
through a phase-shifting mask which generates a predeter-
mined phase difference between transmitted light beams
through adjacent areas, characterized 1n that a slope of focus
characteristic to variation of the spherical aberration is
predetermined, and the amount of the spherical aberration 1s
determined on the basis of the slope.

7. A spherical aberration amount measuring method of
measuring an amount of spherical aberration of a projection
lens system for focusing illumination light transmitted
through a phase-shifting mask which generates a predeter-
mined phase difference between transmitted light beams
through adjacent areas, characterized in that exposure 1is
performed by using plural phase-shifting masks which gen-
crate different phase difference from each other, and the
amount of the spherical aberration 1s determined on the basis
of an amount of the phase difference of the phase-shifting
mask on which a flattness of focus characteristic 1s obtained.
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